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Meeting ReviewA Wnt-Wnt Situation
Canonical Wnt/-Catenin SignalingXi He*
Wnt signaling through -catenin is most intensivelyDivision of Neuroscience
studied and, as expected, was the most discussed topicChildren’s Hospital
of the meeting. The prevailing view of -catenin functionHarvard Medical School
in this pathway is that it associates with, and acts asBoston, Massachusetts 02115
an obligatory coactivator for, the TCF/LEF (T cell factor/
lymphoid enhancer factor) family of transcription factors
(Bienz and Clevers, 2003). In the absence of a Wnt ligand,
the level of cytosolic -catenin is kept low because ofA recent Juan March Foundation workshop on “wnt
phosphorylation-dependent ubiquitination/proteosomegenes and Wnt signaling” brought developmental and
degradation; thus, TCF/LEF is associated with transcrip-cancer biologists together to share some of the latest
tion corepressors and suppresses Wnt-responsive geneadvances in Wnt research. Discussion topics included
expression (Figure 1A). Upon Wnt stimulation, -cateninmolecular, genetic, and genomic dissections of wnt
phosphorylation and subsequent degradation is pre-genes in embryogenesis and cancer, Wnt signaling
vented, and the resulting accumulation of -catenin pro-components and downstream targets, interactions
motes its association with TCF/LEF, thereby activatingwith other signaling pathways, cell biological aspects
Wnt-responsive transcription (Figure 1B). According toof Wnt signaling, and a first glimpse of a purified Wnt
this model, -catenin phosphorylation is a critical stepprotein.
in controlling its abundance. Indeed, this involves the
sequential actions of casein kinase I (CKI) and glycogenSince the discovery 21 years ago of the first wnt gene,
synthase kinase 3 (GSK-3) and takes place in a proteinwnt-1 (int-1), as an oncogene that causes mouse mam-
complex assembled by the scaffolding protein Axin andmary tumors (Nusse and Varmus, 1982), investigation
the tumor suppressor protein APC, the adenomatouson wnt genes and Wnt signaling pathways has blos-
polyposis coli gene product (Figure 1A). Any perturba-somed into a lively field on its own and infiltrated many
tion of this process, such as a loss of functional APC (andcorners of developmental biology and cancer research.
sometimes Axin) or -catenin mutations that preventwnt genes encode secreted cysteine-rich signaling pro-
its phosphorylation/degradation, will cause constitutiveteins that regulate many cell behaviors, including prolif-
-catenin signaling that is believed to be a key moleculareration, differentiation, survival, polarity, and movement.
underpinning for colorectal tumorigenesis. This com-wnt genes have been found throughout the animal king-
plex -catenin phosphorylation/degradation, togetherdom and perform an astonishing array of functions, from
with other potential regulatory mechanisms, such asthe establishment of the basic body plan and the genera-
cytoplasmic/nuclear anchoring/shuttling of -catenin,tion of various organs and tissues to axon guidance and
invites regulatory inputs at many levels.synapse formation. Connections between Wnt signaling
Wnt Receptorsand human disease have been solidified by studies of
Frizzled (Fz) serpentine receptors have been establishedmalignancies, such as colorectal cancers, in which de-
as Wnt receptors and can bind Wnt proteins with a Kdregulation of Wnt signaling is a major initiation step,
of 1.6 nM (R. Nusse). Rigorous genetic and biochemicaland of other diseases, such as familial osteoporosis.
evidence for ligand-receptor relationship between Wnt
Recognizing the importance and rapid development of
and Fz, however, has thus far been demonstrated only
this field, the Juan March Foundation sponsored a work-
for Wingless (Wg) and Drosophila Frizzled (DFz1) and
shop on “wnt genes and Wnt signaling,” which was DFz2. A lack of purified Wnt proteins poses problems
organized by Roel Nusse (Stanford University), Jose Fe- for Wnt-Fz binding studies, and the large number of Wnt
lix de Celis (Centro de Biologia Molecular, Madrid), and and Fz proteins (we have 19 Wnts and 10 Fzs in our
Juan Carlos Izpisua Belmonte (Salk Institute, La Jolla) genome) and the likelihood of a multitude of Wnt-Fz
and took place in Madrid, March 24–26, 2003. While interactions—one Wnt may bind several Fzs, and one
the meeting highlighted a broad range of roles for Wnt Fz may bind several Wnts—complicate the issue. A new-
signaling in development, including early axis specifica- comer to Wnt reception is a single-pass transmembrane
tion (Huelsken et al., 2000), head induction (Mukhopad- receptor, Drosophila Arrow/vertebrate LRP5 and LRP6
hyay et al., 2001), brain patterning (Heisenberg et al., (LDL receptor-related protein). One model, based on in
2001; Houart et al., 2002), mesenchymal-epithelial inter- vitro binding results, suggests that Wnt might induce
action (Kratochwil et al., 2002), chondrogenesis (Hart- Fz and LRP5/6 to form a receptor complex (reviewed in
mann and Tabin, 2000, 2001), and intestinal develop- Zorn, 2001). A recent demonstration of the constitutive
ment (Batlle et al., 2002; van de Wetering et al., 2002), activity of DFz2 fused to the intracellular domain of
here I will, because of space constraints, focus on dis- Arrow is consistent with this model (Tolwinski et al.,
cussions of the implications that these and other studies 2003). Extracellular domain-deleted LRP5/6 and Arrow
have had for our understanding of how Wnt signaling mutants trigger constitutive -catenin signaling in a
pathways operate. number of assays (Mao et al., 2001a, 2001b; Xi He, Chil-
dren’s Hospital/Harvard Medical School; Keith Brennan,
University of Manchester, UK; Anthony Brown, Weill
Medical College of Cornell University, NY), apparently in*Correspondence: xi.he@tch.harvard.edu
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Figure 1. A Working Model for the Wnt/
-Catenin Signaling Pathway
Readers may refer to http://www.stanford.
edu/rnusse/wntwindow.html for more de-
tailed descriptions of various components.
(A) Without Wnt, -catenin is phosphorylated
in the Axin complex by CKI and then by
GSK-3, and the phsophorylated -catenin is
recognized by -Trcp for subsequent ubiqui-
tination and degradation. TCF suppresses
gene transcription. Other components in the
Axin complex, such as PP2A and Diversin,
and TCF-associated corepressors are omit-
ted for simplicity.
(B) Wnt stimulation resulting in a Dvl-depen-
dent inhibition of the Axin complex and, thus,
of -catenin phosphorylation/degradation.
Accumulated -catenin forms a complex with
TCF and activates transcription. This may in-
volve Wnt-induced complex formation be-
tween Fz and LRP5/6, which may recruit Axin
to the plasma membrane. The composition
of the Axin complex in Wnt-stimulated cells is
not well defined. CKI can activate -catenin
signaling by an unknown mechanism. -cat-
enin-associated coactivators are omitted for
simplicity.
a Wnt- and Fz-independent manner. How Arrow/LRP5/6 -2 (Krm) (Mao et al., 2002). Krms are single transmem-
brane proteins that synergize with Dkk-1 to inhibit LRP6is activated by Wnt signaling is unknown.
LRP5/6 activity is regulated by several ligands in addi- function. Krms can form a complex with LRP6 and Dkk-1
and, upon overexpression, cause internalization of LRP6tion to Wnts. One of these is Dickkopf-1 (Dkk-1), which
is a vertebrate head inducer and antagonizes LRP5/6 from the cell surface. This model—that Dkk-1 via Krm
promotes LRP6 internalization—is different, althoughand Wnt/-catenin signaling (Zorn, 2001). Paradoxically,
Dkk-2 can activate or inhibit LRP5/6 function in different not mutually exclusive, from a previous model in which
Dkk-1 disrupts Fz-LRP6 complex formation (Semenovcell types or assays (Christof Niehrs, Deutsches Krebs-
forschungszentrum, Heidelberg; Mao and Niehrs, 2003). et al., 2001). Notably Dkks, Krms, and WISE, like other
secreted Wnt antagonists, are thus far found and con-Nobue Itasaki (National Institute for Medical Research,
London) identified another secreted molecule, called served only in vertebrates.
The Axin Complex, Dishevelled, and “Vesicles”?WISE, which also exhibits such dual activities. In Xeno-
pus embryos, WISE can activate, albeit moderately, It appears that Wnt activation of Arrow/LRP5/6 recruits
Axin to the plasma membrane (Mao et al., 2001b; Tolwin--catenin target genes Xnr3 and siamois, and increase
-catenin nuclear localization. However, when com- ski et al., 2003). Mariann Bienz (MRC, Cambridge) has
provided further evidence for this model using the Axin-bined with a BMP (bone morphogenetic protein) inhibi-
tor, WISE, like Dkk-1, acts like a Wnt inhibitor in head GFP (green fluorescence protein) fusion protein in Dro-
sophila embryos. She and her colleagues found thatinduction. WISE binds to LRP6 and blocks Xwnt-8 bind-
ing to LRP6. Niehrs discussed regulation of LRP6 func- Axin-GFP is present in the cytoplasm as “dots” but be-
comes concentrated near the plasma membrane in cellstion by another family of Dkk-1 receptors, Kremen1 and
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where Wg signaling is active, and overexpression of Wg London) discussed two aspects of GSK-3 regulation
by Frat. Frat may compete GSK-3 away from the Axinincreases Axin-GFP localization to the plasma mem-
brane (Cliffe et al., 2003). Immunostaining for one of the complex (Dajani et al., 2003); it may also remove GSK-3
from nuclei (Franca-Koh et al., 2002). Dale proposedtwo Drosophila APC proteins, E-APC, shows colocaliza-
tion with the cytoplasmic Axin-GFP dots, which disap- that nuclear GSK-3 might phosphorylate APC, which,
in turn, exhibits higher affinity for -catenin for morepear and are replaced by diffuse Axin-GFP staining in
the cytosol in cells lacking APC function (Cliffe et al., efficient export of -catenin (Rosin-Arbesfeld et al.,
2000). However, it remains unclear whether Frat/GBP2003).
The cytoplasmic protein Dishevelled (Dsh in Drosoph- plays a key role in Wnt signaling, as Frat/GBP homologs
have not been found in invertebrates, and a Dvl1 mutantila; Dvl1-3 in mice) is an essential, but mysterious, com-
ponent in Wnt signaling and functions epistatically lacking the Frat binding domain still activates -catenin
signaling (Hino et al., 2003).downstream of Wnt receptors, but upstream of Axin
(Tolwinski et al., 2003). Indeed, Dsh (but neither GSK-3 Despite the observation that GSK-3 phosphorylation
of -catenin is stimulated 20,000-fold in the presencenor APC) is required for Axin-GFP plasma membrane
localization triggered by Wg signaling. Dsh-GFP itself of Axin (Dajani et al., 2003), CKI is nonetheless required
as a priming kinase in vivo (Amit et al., 2002; Liu et al.,shows plasma membrane localization (which does not
appear to change during Wg signaling) and also appears 2002; Yanagawa et al., 2002). While most agree that CKI
primes -catenin phosphorylation at serine 45 (S45),in some intracellular dots (Cliffe et al., 2003). Bienz sug-
gested that, in response to Wg, Dsh might shuttle the whether CKI also functions here is a subject of debate.
CKI, like CKI, is present in the Axin complex and wasAxin complex to the plasma membrane via a yet to be
defined vesicular transport mechanism. This view was initially found, by a still obscure mechanism, to stimulate
Wnt/-catenin signaling (reviewed in Polakis, 2002). Yi-echoed by a recent paper (Capelluto et al., 2002) show-
ing that the DIX domain of Dvl2 binds phospholipids non Ben-Neriah (Hebrew University, Jerusalem) pre-
sented data showing that whether CKI phosphorylatesand that this activity is required for Dvl2 vesicle-like
localization and its ability to activate-catenin signaling. -catenin S45 depends on the cell types examined.
siRNA against CKI, but not CKI, decreases S45 phos-These results imply that Dvl association with vesicular
membranes is required for Wnt/-catenin signaling. phorylation in HeLa cells, whereas, in RKO cells, siRNA
against either CKIor CKI inhibits S45 phosphorylation,Consistent with this view, Elaine Seto (Baylor College
of Medicine, Houston) showed that certain components analogous to what was observed in Drosophila S2 cells
(Yanagawa et al., 2002). These observations also raiseinvolved in membrane trafficking, such as specific Rab
GTPases, are required for Wg response during fly wing the question of whether Wnt regulates -catenin phos-
phorylation by GSK-3 (at threonine 41, S37, and S33) ordevelopment. A cautionary note is warranted, however,
since no direct evidence exists yet for these hypothetical by CKI at S45. Ben-Neriah showed that Wnt-3a and Dvl
can both inhibit S45 phosphorylation (Amit et al., 2002),vesicles.
The vesicular transport issue was also discussed in but experiments with Wnt-1 failed to demonstrate a simi-
lar effect (Liu et al., 2002).a talk by Rik Korswagen (Netherlands Institute of Devel-
opmental Biology, Utrecht) on Wnt regulation of Q neu- Given that CKI and GSK-3 phosphorylation of -catenin
occur within the Axin complex and that Axin exists inroblast migration in C. elegans. Although the two Q cells,
QL (left) and QR (right), are born at similar positions rate-limiting amounts, Wnt-induced Axin degradation
(Yamamoto et al., 1999; Willert et al., 1999) may be im-and generate an identical set of descendants, QL and
descendants express a homeobox gene, mab-5, and portant for -catenin signaling. A recent report, showing
that, in Drosophila embryos, Wg signaling reduces themigrate posteriorly, whereas QR and descendants do
not express mab-5 and migrate anteriorly. EGL-20/Wnt level of overexpressed Axin protein, argues for this pos-
sibility (Tolwinski et al., 2003). However, Bienz laborato-activates mab-5 expression in QL cells via the canonical
-catenin pathway (Korswagen et al., 2002). Using a ry’s experiments in fly embryos did not record much
effect of Wg signaling on Axin-GFP protein level (Cliffegenomewide RNAi screen for genes affecting Q cell mi-
gration, Korswagen’s laboratory identified 11 genes, in- et al., 2003). One explanation is that the GFP moiety
may stabilize Axin-GFP. On the other hand, it needs tocluding a homolog of Vps35, a component of the yeast
retromer complex involved in vesicular recycling be- be determined whether Wg reduction of Axin protein
level seen by Tolwinski et al. is a primary event. Indeed,tween late endosome compartments and the Golgi ap-
paratus. A vps-35 null mutant phenocopies the egl-20/ although prolonged Wnt-3a treatment of mammalian
cells decreases Axin protein level, Wnt-3a-inducedwnt mutant, and epistasis analysis positions VPS-35
upstream of PRY-1/Axin. It will be critical to resolve -catenin accumulation at early time points of Wnt treat-
ment occurs without obvious reduction of endogenouswhether VPS-35 acts in EGL-20/Wnt-producing or QL
and QR (responding) cells. Axin protein level (Willert et al., 1999).
Attendees also discussed a result of Tolwinski et al.Who and How Does Wnt regulate: Axin, GSK-3,
and/or CKI? that a weakly functional Armadillo (-catenin) is regu-
lated by Wg in fly embryos that are mutant for zw3GSK-3 has long been a leading suspect for mediating
Wnt regulation. Indeed, GSK-3 phosphorylation of (GSK-3), but not in embryos mutant for Axin. This implies
a Wnt pathway that inhibits Axin, but bypasses GSK-3,-catenin is inhibited upon Wnt signaling (Liu et al.,
2002). GBP (GSK-3 binding protein)/Frat, which binds at least in cells with a weakly active -catenin. This
GSK-3-independent Axin function may be, in part, attrib-to both Dvl and GSK-3, is a candidate for mediating this
regulation. Trevor Dale (Institute of Cancer Research, uted to its cytoplasmic retention of -catenin (Tolwinski
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and Wieschaus, 2001), but it remains a question whether colocalized. Although Axam, a protein with a desumoy-
lation motif, was identified by Kikuchi’s group as an Axinthe other GSK-3-like kinase in the fly genome (Morrison
et al., 2000) partially compensates for ZW3 under this binding protein and may have activities that regulate
-catenin stability (Kadoya et al., 2002), Axam also playscondition. Of note, the zebrafish masterblind mutation,
which exhibits hyperactive Wnt/-catenin signaling, is a a role in desumoylation of TCF4, as revealed by siRNA
against Axam. Like LEF1 sumoylation, TCF4 sumoyla-result of a single-amino acid change in Axin1 that abolishes
Axin1-GSK-3 interaction (Stephen Wilson, University tion has no effect on TCF4 DNA or -catenin binding.
However, TCF4 sumoylation increases, whereas LEF1College London, UK; Heisenberg et al., 2001; van de
Water et al., 2001). Dale noted a converse observation sumoylation may decrease, transcriptional activation
(Sachdev et al., 2001; Yamamoto et al., 2003).that overexpression of a GSK-3 mutant that cannot bind
Axin nonetheless inhibits TCF/-catenin-dependent re- Wnt/-catenin signaling controls many develop-
mental decisions, yet how different tissue- or stage-porter expression. These results together may hint at the
existence of multiple parallel mechanisms for regulating specific responses are achieved is not well understood.
One example of how specificity is achieved at the tran--catenin abundance, cytoplasmic/nuclear partitioning,
or activity, thereby ensuring tight regulation of Wnt/ scriptional level is seen in early Xenopus development.
Maternal -catenin signaling promotes dorsal axis for--catenin signaling.
-Catenin and TCF/LEF mation, whereas zygotic Xwnt-8/-catenin signaling
shortly after is required for ventrolateral development.Although a debate over whether -catenin has mainly
a cytoplasmic or nuclear role in TCF/LEF-dependent Stefan Hoppler (University of Dundee, Scotland) pre-
sented evidence that TCF3 and LEF1 are required forgene expression was reignited (Chan and Struhl, 2002),
the prevailing view remains that -catenin functions as a maternal and zygotic -catenin signaling, respectively
(Roel et al., 2003). Rolf Kemler (Max Planck Institute forcoactivator for TCF/LEF (reviewed in Bienz and Clevers,
2003). The argument for a cytoplasmic role of -catenin, Immunology, Freiberg, Germany) discussed yet another
strategy, in which other transcription factors, like Pitx2,derived from using membrane-tethered forms of -cat-
enin, is complicated by the difficulty to create a null back- may serve as determinants of target specificity (Kioussi
et al., 2002). Interestingly, the pitx2 gene is induced byground of -catenin/Armadillo (Chan and Struhl, 2002).
Rudolf Grosschedl (University of Munich, Germany) earlier TCF/-catenin signaling. Cadigan described a
Drosophila gene called split ends (spen), which has spe-created knockin mice in which an endogenous lef1 allele
was replaced with lef1m5, which encodes a mutant LEF1 cific roles during Wg signaling in eye, wing, and leg
development, but not in early embryos (Lin et al., 2003).with six amino acid substitutions in its -catenin binding
region. lef1m5/ mice exhibit indistinguishable pheno- The spen gene encodes a large nuclear protein with RNA
recognition motifs, and its human homolog, SHARP, istypes from lef1/ null mice, such as defective develop-
ment of neural crest cells, whisker follicles, teeth, and implicated as a corepressor for nuclear receptors.
Feedback Regulation and Crosstalkthe hippocampus, demonstrating that LEF1 function in
vivo depends on its association with -catenin. How- Wnt/-catenin signaling induces, directly or indirectly,
genes whose products are involved in Wnt signaling orever, LEF1 may have a -catenin-independent function
in activation of the T cell receptor- gene, but this func- feedback regulation. Examples include Wg suppression
of DFz2 and arrow genes, induction of the naked cuticletion is redundant with TCF1 and is thus precluded from
analysis. gene, and Wnt induction of axin2/conductin, -Trcp (a
ubiquitin-ligase for -catenin), and secreted Wnt antag-The TCF/LEF--catenin complex in the nucleus acti-
vates transcription via recruiting other cofactors, includ- onist genes. Keith Wharton (UT Southwestern Medical
Center, Dallas) discussed the Drosophila Naked cuticleing those commonly required, such as p300/CBP, and
those specifically devoted to the Wnt/-catenin path- (Nkd) protein and its vertebrate homologs, which are EF
hand-containing proteins and bind to and antagonizeway, such as Pygopus (Pygo) (Ken Cadigan, University
of Michgan, Ann Arbor; Kramps et al., 2002; Thompson Dsh/Dvl via binding to the Dsh/Dvl PDZ domain (Whar-
ton et al., 2001). The axin2/conductin gene is a directet al., 2002; Parker et al., 2002; Belenkaya et al., 2002)
and Legless (Lgs)/Bcl9. Lgs is the Drosophila homolog target gene induced by the TCF/-catenin complex and
thus feeds back to inhibit Wnt signaling and shows oscil-of mammalian Bcl9 oncoprotein and is suggested by
genetic and biochemical analyses to be an adaptor pro- lating expression during somite formation. This nega-
tive-feedback loop may underlie Wnt-3a regulation oftein linking -catenin and Pygo (Kramps et al., 2002).
Felix Brembeck and Walter Birchmeier (Max Delbrueck the segmentation clock in chick and mice (R. Kemler;
Aulehla et al., 2003).Center, Berlin) isolated another Lgs homolog, Bcl9.2,
as a -catenin binding protein. In zebrafish embryos, Wnt and Notch signaling crossregulate many develop-
mental events and often exhibit complex genetic inter-depletion of Bcl9.2 via a morpholino antisense oligo
prevents trunk/tail development and, thus, phenotypi- actions. Alfonso Martinez Arias (University of Cam-
bridge, UK) described a branch of Notch signaling,cally copies mutant embryos lacking zygotic Wnt-8 ac-
tivity (Lekven et al., 2001). which is independent of Su(H) (suppressor of hairless)
and antagonizes Wg signaling. He noted that overex-Akira Kikuchi (Hiroshima University, Japan) presented
data on regulation of TCF4 activity by sumoylation (Ya- pression of Armadillo or TCF alone or in combination in
Drosophila wing does not lead to Wg signaling, whereasmamoto et al., 2003). Like LEF1, TCF4 is sumoylated by
the sumo-ligase PIASy (Sachdev et al., 2001). TCF4, loss of Notch function in some cases results in Dsh-
independent Wg signaling (Martinez Arias et al., 2002).when overexpressed alone, exhibits diffuse nuclear
staining, but PIASy coexpression causes TCF4 to relo- Thus, TCF and/or -catenin activity may subject to addi-
tional regulation, such as by Notch signaling. Althoughcalize to “nuclear bodies,” where PIASy and PML are
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Dsh can bind to the intracellular domain of Notch (Axel- any cofactor is required for Wnt function. Most interest-
ingly, Wnt-3a is palmitoylated at cysteine 77, which cor-rod et al., 1996), the mechanism of the interaction be-
tween Notch and Wnt signaling remains obscure. responds to the first of 22 invariable cysteine residues
conserved among all Wnt proteins. Purified Wnt-3a
treated with an acyl-protein thioesterase, which re-
Noncanonical Wnt/Fz Signaling moves the palmitate, or the Wnt-3a(C77A) mutant that
Wnt Signaling in Axonal Morphogenesis cannot be palmitoylated, loses significant bioactivity in
Wnt signaling regulates not only neural patterning and
-catenin stabilization assays. Additionally, a tempera-
fate, but also axonal growth, path finding, and synapse ture-sensitive allele, wgs21 (isolated by Martinez Arias),
formation. Patricia Salinas (Imperial College, London) and an apparent null allele, egl-20 (N585), are missense
described two cases studied in her lab: Wnt-7a regula- mutations of the equivalent cysteine residues in Dro-
tion of mossy fiber synaptogenesis in cerebellum and sophila Wg (C93) and C. elegans EGL-20 (C99), respec-
Wnt-3 regulation of terminal arborization of sensory neu- tively. However, Wnt-3a(C77A), upon overexpression,
rons in spinal cord (Krylova et al., 2002). These Wnts can modestly induce -catenin level in transfected cells,
from target cells (granule cells or motor neurons) pro- and Wgs21 at permissive temperatures can signal to cells
mote incoming connecting axons to form branches, in- in close range, suggesting that Wnt palmitoylation is not
crease growth cone size, and stop axonal extension. A absolutely required for signaling. Whether this modifica-
key aspect of this Wnt regulation is mediated via Dvl tion affects Wnt secretion, transport, or receptor binding
and GSK-3 action on microtubule (MT) stability and is remains to be resolved. Nusse speculated that the Dro-
independent of -catenin, TCF, or transcription in gen- sophila porcupine and nematode mom-1 (and by exten-
eral. Dvl via its PDZ domain binds to, and stabilizes, sion their vertebrate homologs), which are required in
MTs. GSK-3 antagonizes Dvl stabilization of MTs. GSK-3 Wg/Wnt-secreting cells and encode apparent acyltrans-
can directly phosphorylate MT-associated protein MAP- ferases, might be responsible for Wnt palmitoylation.
1B, and this phosphorylation appears to promote the The purification of Wnt proteins opens many opportuni-
dynamic instability of MTs (Lucas et al., 1998). Dvl down- ties, including the examination of Wnt-receptor relation-
regulates MAP-1B phosphorylation by GSK-3, but how ships in biochemical detail.
Dvl inhibits GSK-3 is unknown; GBP/Frat does not ap-
pear to be involved.
The FutureFz Planar Cell Polarity (PCP) Signaling
The multitude of Wnt functions and the complexity ofPeter Lawrence (MRC, Cambridge) described Fz- and
Wnt signaling are just beginning to be elucidated. WeDsh-dependent PCP signaling in the Drosophila adult
need a better understanding of how Wnt proteins areabdomen. A morphogen gradient (“X”) has long been
produced and secreted and form morphogen gradients,hypothesized to initiate Fz PCP signaling, but the exis-
how they engage various receptors, such as Fz, LRP,tence/identity of X remains elusive. Since neither the
and a recently described atypical tyrosine kinase recep-deficiency of five of the seven Drosophila wnt genes nor
tor (Yoshikawa et al., 2003), and how these receptorsoverexpression of any of them produces consistent PCP
are activated and interact to specify activation of differ-perturbation (Lawrence et al., 2002), X may not be a
ent Wnt pathways. We still know very little about howWnt. The situation is different in vertebrates, however,
receptor activation initiates intracellular signaling, howas studies in Xenopus and zebrafish suggest that Wnt-
various components, including Dvl and the Axin com-11/Silberblick activates a pathway similar to Fz/PCP
plex, are regulated, and how -catenin activity, in addi-signaling in the regulation of convergent extension
tion to its abundance, is governed. We want to learnmovements during gastrulation (Tada and Smith, 2000;
more about noncanonical Wnt signaling pathways, in-Heisenberg et al., 2000). This Wnt/Fz pathway appears
cluding PCP/Rho/Rac, Ca2/PKC, and those mediatingto employ Dvl to stimulate RhoA/ROK and Rac/JNK ac-
Wnt regulation of axon growth, guidance, and synapto-tivities and is likely mediated by independent Dvl-RhoA
genesis. As more and more Wnt functions are beingand Dvl-Rac complexes induced upon Wnt signaling
revealed in different model systems, we will have to(Habas et al., 2003). Masazumi Tada (University College
address how Wnt signaling, via a limited number of path-London, UK) showed that this pathway also includes
ways, executes a vast variety of developmental pro-zebrafish prickle1 (pk1), which is the homolog of the
grams. At least some of these are mediated by distinctDrosophila prickle gene implicated in Fz/PCP signaling
genomic responses to Wnt signaling, as demonstrated(see also Veeman et al., 2003; Takeuchi et al., 2003).
by comprehensive gene profiling studies during mouse
axis and mesoderm formation (W. Birchmeier), T cell
development (R. Grosschedl), and intestinal develop-A Purified Wnt Molecule (Finally)
Our advances in understanding Wnt function and signal- ment and colorectal tumorigenesis (Hans Clevers, Neth-
erlands Institute of Developmental Biology, Utrecht; Bat-ing, ironically, are accompanied by little progress in un-
derstanding Wnt proteins, largely because of failure to lle et al., 2002; van de Wetering et al., 2002). Furthermore,
these genomic responses involve not only genes encod-purify them despite years of painstaking effort. Nusse
described the purification of mouse Wnt-3a and Dro- ing proteins, but also others, such as those encoding
microRNAs, as exemplified by the Drosophila bantamsophila Wnt-8 via sequential chromatography (Willert et
al., 2003), thus putting this part of the Wnt history behind gene that regulates both proliferation and apoptosis
(Steve Cohen, EMBL, Heidelberg; Brennecke et al.,us. Purified Wnt-3a protein is functional and unequivo-
cally shows that neither additional posttranslational 2003). Answers to many of the above questions will
undoubtedly be helped by new technologies, includingcleavage (other than the signal peptide cleavage) nor
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Hartmann, C., and Tabin, C.J. (2000). Dual roles of Wnt signalinggenomics and proteomics. As Wnt molecules control
during chondrogenesis in the chicken limb. Development 127, 3141–stem cell renewal during hematopoiesis (R. Nusse; Wil-
3159.lert et al., 2003) and intestinal development (H. Clevers;
Hartmann, C., and Tabin, C.J. (2001). Wnt-14 plays a pivotal role invan de Wetering et al., 2002), and defective Wnt signal-
inducing synovial joint formation in the developing appendicular
ing is involved in human cancers and diseases, basic skeleton. Cell 104, 341–351.
Wnt research will find applications in clinical studies,
Heisenberg, C.P., Tada, M., Rauch, G.J., Saude, L., Concha, M.L.,
from pathology to therapeutics. When developmental Geisler, R., Stemple, D.L., Smith, J.C., and Wilson, S.W. (2000).
biologists and cancer researchers get together, such as Silberblick/Wnt11 mediates convergent extension movements dur-
at this Juan March workshop, although it may not always ing zebrafish gastrulation. Nature 405, 76–81.
be a “Wnt-Wnt” situation, it will always be a win-win Heisenberg, C.P., Houart, C., Take-Uchi, M., Rauch, G.J., Young,
N., Coutinho, P., Masai, I., Caneparo, L., Concha, M.L., Geisler, R.,situation.
et al. (2001). A mutation in the Gsk3-binding domain of zebrafish
Masterblind/Axin1 leads to a fate transformation of telencephalonAcknowledgments
and eyes to diencephalon. Genes Dev. 15, 1427–1434.
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